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ABSTRACT 


Several  basic  methods  for  evaluating  cascade  characteristics  are 
investigated  from  the  standpoint  of  their  completeness  in  describing 
the  cascade  flow.  Characteristic  numbers  are  defined  that  directly 
relate  the  properties  of  the  cascade  with  the  properties  of  a corre- 
sponding compressor.  Compressibility  is  taken  into  account,  which 
enables  the  application  of  the  characteristic  numbers  for  transonic 
cascade  flow.  The  relationships  between  the  characteristic  numbers 
are  determined. 

This  report  does  not  treat  the  problems  involved  with  establishing 
two-dimensional  flow  in  the  cascade,  instrumentation  and  measuring  tech- 
iques;  rather,  basically  it  is  assumed  that  two-dimensional  cascade  flow 
is  realized. 
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CASCADE  CHARACTERISTIC  NIJHEERS  FOR 
TI'jQ-DIMEKSIONAL  COMPRESSIBLE  FLOW 


Introduction: 

The  purpose  of  two-dimensional  cascade  research  work  as  considered  in 
this  paper  is  to  obtain  basic  information  for  the  design  of  turbomachinery. 
Specifically,  the  object  in  two-dimensional  cascade  research  work  is  to 
determine  relationships  between  the  cascade  variables  and  parameters,  and  the 
pressure  rise,  the  flow  deflection  and  the  losses  through  the  cascade.  The 
most  significant  parameters  of  two-dimensional  cascades  are  the  following: 

A.  Blade  Parameters  and  Variables 

Thickness  distribution 
Camber 
Nose  radius 
Surface  roughness' 

Boundary  layer  removal 
Slots 

Porosity  (suction) 

B.  Channel  Parameters  and  Variables 

Inflow-outflow  angle 

Stagger 

Spacing 

End  Effect  (boundary  layer  removal) 

Velocity  (pressure)  gradients 

C.  Fluid  Parameters  and  Variables 

Mach  number 
Reynolds  number 
Turbulence 

In  a given  compressor  stage  (as  a whole)  the  blade  elements  at  different 
radii  cannot  be  considered  as  isolated  from  each  other  because  of  the  three- 
dimensional  flow  effects.  Thus,  in  general,  the  two-dimensional  cascade  tests 
results  will  not  provide  a sufficient  basis  for  the  design  of  turbomachines. 
However  information  about  many  basic  problems  which  are  important  for  the 
design  of  axial  flow  compressors  can  be  gained  from  such  tests. 

Some  of  the  typical  problems  are: 

1)  Limitations  of  the  intake  Mach  number  and  blade  load  for 
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various  cascade  configurations. 

2)  Deviation  of  the  flow  angle  from  the  tangent  of  the  mean 
camber  line  at  the  trailing  edge. 

3)  Influence  of  the  Reynolds  number. 

4)  Influence  of  the  blade  shapes  and  cascade  geometry  upon  the 
limiting  intake  Mach  number. 

In  order  to  determine  the  cascade  flow,  usually  some  of  the  following 
measurements  are  taken: 

1)  Intake  conditions  into  the  cascade;  that  is,  intake  speed, 
intake  angle,  intake  stagnation  conditions  of  the  fluid  medium. 

2)  Exit  conditions;  that  is,  distribution  of  static  and  stag- 
nation pressure  and  flow  direction. 

3)  In  some  cases,  pressure  distribution  around  a profile,  and 
blade  force  measurements. 

Generally  the  intake  conditions  are  varied  and  the  conditions  under  2)  or 
3)  are  determined  as  functions  of  the  intake  conditions.  The  parameters 
determining  the  cascade  are  profile  form,  stagger  angle,  spacing  ratio  and 
aspect  ratio. 

In  order  to  present  the  cascade  test  results  in  a general  form, 
cascade  characteristic  numbers  commonly  are  used.  There  are  various  systems 
of  cascade  characteristic  numbers  in  use.  Some  refer  to  the  drag  and  lift 
forces  of  the  blades,  corresponding  to  the  characteristic  numbers  of  single 
airfoils.  The  cascade  drag  and  lift  coefficients  are  practical  if  the  aim 
of  the  cascade  investigation  is  to  make  a comparison  between  cascade  theory 
and  an  actual  cascade  flow.  Furthermore  they  are  useful  for  the  design  of 
turbomachines  with  relatively  large  blade  spacing  ratios  and  neglegible 
small  changes  of  density  through  the  cascade. 

Other  definitions  of  cascade  characteristic  numbers  relate  directly 
the  pressure  increase  or  the  losses  through  the  cascade  with  the  velocity 
pressure  of  the  intake  velocity,  M or  the  mean  velocity,  lVm  . However 
these  definitions  are  not  practical  if  the  density  change  through  the 
cascade  is  not  neglegible. 

It  is  the  purpose  of  this  paper  to  investigate  cascade  characteristic 
numbers  which  are  applicable  for  incompressible  and  compressible  flow,  and 
to  determine  their  mutual  relationships,  and  their  relationships  to  the 
commonly  accepted  characteristic  numbers  for  axial  flow  turbomachines. 
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I»  Definitions  of  Cascade  Characteristic  Numbers 


Two  basic  difficulties  are  encountered  with  two-dimensional  cascade 
investigations.  The  one  results  from  the  fact  that  wakes  behind  the 
cascade  blades  cause  a non-uniform  distribution  of  total  pressure  and 
entropy  of  the  flow  field.  The  other  is  due  to  tunnel  wall  interference 
which  causes  a deviation  from  two-dimensional  flow  and  a superimposed 
drop  of  static  pressure  in  the  direction  of  the  flow  due  to  the  skin 
friction  of  the  tunnel  walls. 

The  influence  of  the  tunnel  walls  on  the  cascade  flow  can  be  diminished 
by  the  following  means: 

a)  Application  of  a large  blade  aspect  ratio  or  of  wall  bound- 
ary layer  suction;  thereby  the  deviations  from  two-dimensional  flow  ’..ill 
be  decreased. 

b)  Application  of  a large  number  of  blades.  Both  increasing 
the  blade  aspect  ratio  and  increasing  the  number  of  blades  result  in  an 
increase  of  the  tunnel  dimensions  in  comparison  to  the  blade  chord  length. 
Thereby  the  superimposed  drop  in  static  pressure  due  to  the  skin  friction 
at  the  tunnel  walls  behind  the  cascade  decreases,  since  the  furthest 
distance  between  the  measuring  stations  and  cascade  is  a certain  multiple 
of  the  blade  chord  length. 

c)  If  straight  tunnel  side  walls  are  applied,  then  the  pressure 
integral  over  the  surface  of  the  side  walls  has  to  be, the  same  for  both 
side  walls  in  order  to  insure  that  the  side  walls  do  not  contribute  to  the 
flow  deflection. 

The  means  mentioned  under  point  a)  and  b)  increase  considerably  the  costs 
of  the  tunnel  and  of  the  cascade  tests  installations.  Hence,  some  types  of 
cascade  investigations  using  smaller  tunnels,  where  interference  effects 
between  the  tunnel  walls  and  the  cascade  flow  are  unavoidable,  may  be  just- 
ified for  the  determination  of  relative  values  and  trends.  However  for  the 
following  derivation  of  the  inter-relationships  between  the  cascade  character 
istic  numbers  and  the  relationships  between  the  compressor  characteristic 
numbers,  tunnel  wall  interference  effects  v,dll  be  neglected. 

The  flow;  behind  the  cascade  can  be  described  as  follows:  Immediately 

behind  the  cascade  the  total  pressure  and  entropy  are  nearly  uniform  in 
the  main  stream  between  the  blades,  and  drop  very  suddenly  in  the  region 
of  the  ’wakes  behind  the  profiles.  Further  downstream  the  wakes  disperse 
and  the  flow’  becomes  uniform  whereby  the  static  pressure  increases.  The 
momentum  transport  of  the  flow  downstream  the  cascade  remains  constant. 

By  the  effect  of  the  dissipation  of  the  wakes  the  direction  of  the  mean 
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streamline  changes*  Further,  the  integral  oi  uie  total  pressure  over  the 
mass  flow  decreases,  while  the  integral  of  the  entropy  over  the  mass  flow 
increases.  This  is  because  the  entropy  of  the  flow  with  constant  momentum 
transport  becomes  a maximum  when  the  flow  is  uniform. 

This  consideration  shows  that  all  flow  parameters  down  stream  of  the 
cascade,  except  the  momentum  transport  of  the  flow,  vary  between  two  limit- 
ing conditions,  namely  the  flow  conditions  immediately  behind  the  cascade 
and  the  flow  conditions  in  such  a distance  where  the  wakes  are  dispersed 
and  uniform  flow  is  established.  Hence  in  order  to  evaluate  the  tests  it 
is  important  to  know  the  distance  between  the  measuring  stations  and  the 
cascade.  Theoretical  and  practical  investigations  to  determine  the  differ- 
ence of  the  flow  parameters  for  these  two  limiting  conditions  are  recommended. 

In  a compressor  composed  of  alternating  rotating  and  stationary  blade 
rows  the  distance  between  the  rows  is  usually  so  small  that  uniform  flow 
will  not  develop  between  the  rows.  Non-uniform  flow  distribution  behind  a 
rotating  blade  row  results  in  an  unsteady  flow  for  the  following  stationary 
blade  row  and  vice  versa. 

Thus  in  order  to  obtain  flow  conditions  for  a cascade  similar  to  the 
flow  conditions  in  a compressor,  unsteady  flow  upstream  of  the  cascade 
would  be  required.  Although  studying  these  effects  appears  to  be  very 
important,  in  this  paper  only  steady  cascade  flow  will  be  treated.  This 
corresponds  to  a compressor  with  such  a distance  between  the  blade  rows 
that  nearly  uniform  flow  results  between  the  blade  rows.  Hence  the  analysis 
of  the  relationships  between  the  characteristic  numbers  of  cascade  and  'com- 
pressor and  further  of  the  inter-relationships  between  the  characteristic 
cascade  numbers  will  be  confined  to  the  previously  discussed  limiting  case 
of  the  uniform  flow  behind  the  cascade  without  interference  betv/een  cascade 
and  tunnel  walls. 

The  principle  requirements  for  the  definitions  of  the  characteristic 
cascade  numbers  is  that  the  velocity  triangle  of  the  cascade- flow  is  com- 
pletely determined.  Thereby  it  will  be  possible  to  reconstruct  the  velocity 
triangle  of  the  cascade  flow  when  the  intake  conditions  and  the  values  of 
the  characteristic  cascade  numbers  are  given.  Further  it  is  possible  to 
express  by  these  characteristic  cascade  numbers  any  otherwise  defined 
cascade  number. 

For  representing  the  pressure  increase  through  the  cascade,  (see 
figure  (l),  a pressure  coefficient,  Kp  is  defined.  One  definition  fre- 
quently used,  is: 


A P;-z 

6W,3 

2 


(1) 
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This  expression  represents  for  the  limiting  case  that  the  Mach  number- 
approaches  zero  the  Quotient  of  two  energy  terms,  namely  the  isentropic 
change  in  enthalpy  through  the  cascade,  see  figure  (2),  divided  by  the 
kinetic  energy  of  the  flow  upstream  the  cascade. 


In  order  that  simple  relationships  will  result  between  loss  and 
pressure  coefficients,  and  further  between  these  coefficients  and  the 
compressor  efficiency,  this  quotient  of  the  tVro  energy  terms  should  be 
defined  as  the  pressure  coefficient  without  the  restriction  to  small 
Mach  numbers.  This  results  in  the  following  definition  for  /£>  : compare 
figure  (2). 


t-f 


This  expression  for  Kp  goes  over  into  that  of  eouation  (l)  when  the  Mach 
number  goes  to  zero  which  means  that  the  flow  can  be  considered  as  incom- 
pressible. 


The  loss  coefficient,  } of  the  cascade  is  defined  as  the  actual 
enthalpy  change  through  the  cascade  minus  the  corresponding  isentropic 
enthalpy  change  through  the  cascade,  divided  by  the  enthalpy  change  within 
the  inlet  bell*,  see  figure  (2),  thus  KL  can  be  expressed  as  follows,  also 
see  figure  (2). 


5/ 


~T, 


(3) 


The  entropy  expression  in  eouation  (3)  represents  a good  approximation  as 
long  as  AT,-!  - A Is  very  small  in  comparison  to  T2  . If  this  condition 
is  not  fulfilled,  then  j ( AT,_g  -AT(-}/-2')  should  be  subtracted  from  T2  in 
equation  (3),  resulting  in  the  following  equation: 

fC  - <?  A!  S,~j  Tg 

L ?cp  + d S,-z  Tt>,  -T, 

For  small  Mach  numbers  (incompressible  flow  the  expression  for  KL  goes 
over  into  the  ratio  of  total  pressure  drop  through  the  cascade  divided  by  the 


*)  Isentropic  uniform  flow  upstream  the  cansade  will  be  assumed  throughout 
this  report. 
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velocity  pressure  ahead  the  cascade 


that  is 


is  _ 2 A Pt,  /-2 


For  representing  the  flow  deflection,  the  turning  angle,  Pfi  can  be 
used,  see  figure  1, 


A/3  =/3z  ~/3> 


The  values  of  these  coefficients  derived  from  the  cascade  test  may  be 
presented  diagrammatically  as  functions  of  the  intake  angle,  the  flow  para- 
meters, and  the  cascade  geometry.  As  an  example,  a form  for  such  a diagram 
is  given  in  figure  (3),  wherein  the  intake  angle,/?  , is  taken  as  the  vari- 
able,. In  general,  the  choice  between  variable  and  curve  parameter  is  de- 
pendent upon  the  primary  purpose  of  the  investigation.  For  instance;  if  for 
a particular  cascade  configuration  the  influence  of  the  flow  parameters  is 
to  be  determined,  then  it  would  be  practical  to  use  the  Mach  or  Reynolds  number 
as  a variable. 

Such  a presentation  completely  describes  the  conditions  of  the  flovi 
upstream  and  downstream  of  the  cascade.  Thus  it  is  possible  to  reconstruct 
the  velocity  triangle  of  the  cascade  flow  when  the  pressure  coefficient, 

Kp , the  loss  coefficient,  fCt  , the  turning  angle,  /)/3  , and  the  intake  condi- 
tions /3,  } M,  are  given. 

Between  the  intake  flow  conditions,  the  turning  angle,  the  loss,  and 
the  pressure  coefficient,  the  following  relationship  exists: 


V 

sin  (A  + Kp  M,2) 

S'”A  O+frp  irV  y 


'/-Xt-Xp 


or  for  the  limiting  case  of  incompressible  flow 


s/n/A,  * P/3 ) 
S/n/3, 


'/-K  ~/<p 


This  equation  can  be  derived  as  follows: 
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From  the  continuity  condition  it  follows  that 

A,  //  K = A2f3  W2 

or  . _Ai  fz  

" A,  ' K ' f> 

As  sin  (ft/*  2 ft)  . . 

In  this  equation,  ^ can  be  replaced  by  — r/W/?7 > see  figure  (1;. 

Furthermore,  can  be  replaced  by  -y/ /_  ^ which  can  be  seen 

as  follows:  ^ 


= T>  [(it)* 

T -T  = T i [—)*—/] 
V '/  ~ [ \ p,J  J 

/(ha  7 


See  figure  (2) 


Thus  can  be  expressed  according  to  equation  (3)  as  follows: 


wA-  wS 


'iF-t 


or  with  equation  (2) 


Hence: 


Kl  - —tyi  -V 


jZ 

The  term  — in  equation  (6)  can  be  replaced  by 

f<  + 

which  can  be  shown  as  follows: 
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A - 
// 


see  figure  (2) 


_Pi_  A 
fir  T2 


with  equation  (7):  T2  x T,  b W,Y^l 

figure  (2),  it  follows  that  =•  ~ 

equation  (2)  n • 


Since  blY,2  =■  jr 
/ 


M,2 

or  with 


see 


i r 

fi_  = (J±  ‘rfifSfi'p)” 

f,  ~ >+  T M,2  .... (8) 


Thus  the  foregoing  substitutions  result  in  equation  (5). 

From  equation  (5)  it  follows,  that  the  pressure  coefficient  can  be 
determined,  if  the  intake  conditions,  the  turning  angle,  and  the  loss  co- 
efficient are  given,  or  the  loss  coefficient  can  be  determined  if  the  in- 
take conditions,  the  turning  angle  and  the  pressure  coefficient  are  given. 

An  agreement  betv.-een  the  value  of  the  loss  coefficient  obtained  by  this 
method  with  the  value  derived  from  the  total  pressure  measurements  is  an 
indication  of  the  accuracy  of  measurement  achieved.  However,  for  given 
intake  conditions,  loss  and  pressure  coefficients^the  turning  angle  cannot 
be  uniquely  determined  by  eouation  (5)  unless  the  approximate  value  of  Aft 
is  known  since  sin(ft,  + Aft)=sin(/8o-/3,-Aft)  resulting  in  two  possible  solutions 
for  Aft  . 

The  velocity  triangle  corresponding  to  the  cascade  flow  can  be  con- 
structed for  given  intake  conditions,  turning  angle  and  pressure  or  loss  co- 
efficient as  follows:  First  either  the  loss  or  pressure  coefficient  is 

determined  by  equation  (5).  Then  the  value  of  can  be  determined  by 
eouation  (7).  By  fi,  and  Aft  , the  exit  angle  fti  is  determined.  Since 
in  addition,  the  intake  flow  conditions  to  the  cascade  are  known,  the  com- 
plete cascade  velocity  triangle  is  determined. 
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II.  Relationships  Between  the  Cascade  Flow  Coefficients 
And  The  Obtainable  Pressure  Ratio  and  Efficiency  of  a 


Compressor  Element-^ 


In  line  with  the  main  purpose  of  the  two-dimensional  cascade  investi- 
gations, which  is  to  obtain  information  for  the  design  of  compressors,  the 
relationships  between  adiabatic  compressor  efficiency,  compressor  pressure 
ratio,  and  the  cascade  flow  coefficients  will  be  given  in  the  following. 


In  figure  4,  a velocity  triangle  for  a compressor  element  is  given. 
With  the  definition  of  pressure  coefficient  (equation  2)  it  follows  that: 


and 


Pi 

P. 

_p3 

P> 


+ {J  ~ fa,”  ~2~K,s»  +/) 
-fw  ¥*')'  ~fo-r7/fC  +/) 


r 

9-/ 


Thus 


jP, 

P> 


O 

} ~ /(*>,.  -V  K-  -T  Kf  +/j]* ' 


,(9) 


When  C3  equals  C/  and  & C/  is  small  in  comparison  to  T,  which  wd.ll 
be  justified  for  subsonic  axial  compressor  stages,  the  total  pressure  ratio 
3 equals  with  good  approximation  Pi  . 

P*,t  p‘ 


The  definition  of  adiabatic  compressor  efficiency  is: 

/W  a j 


where 


AT  s 2 iUACy 


i{W,2-W22+  c*~  c2) 


* A compressor  element  consists  of  a rotor  and  stator  row  with  infinitesimal 
blade  length,  wrhereby  no  wall  influence  upon  the  flow  is  assumed.  It  will 
be  assumed  that  the  distance  between  rotor  and  stator  rows  is  sufficiently 
large  to  justify  the  assumption  of  uniform  and  stationary  flow  at  the  en- 
trance to  the  blade  rows. 
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and 


An  . A T-K^  bV,*-  «i,f  IC/ 


Thus: 


X, 


Kl,m  W,2  + KL,f  ^2 

V*-  ^v2!  -ct* 


--  (10) 


Equation  (10)  determines  the  adiabatic  efficiency  in  terms  of  the  cascade 
loss  coefficients  and  the  intake  and  exit  velocities  of  the  rotor  and  stator 
cascade.  By  using  eauation  (7),  the  expression  for  the  adiabatic  efi’iciency 
can  be  transformed  as  follows: 


or. 


yj  I ^L,n>  W/  y-  C 2 

‘a"  K‘ + ft,-) 'CjfKt.fXM) 


ca</ 


(11) 


Equation  (ll)  determines  the  adiabatic  efficiency  of  a compressor  element  in 
terms  of  the  loss  and  pressure  coefficients  of  rotor  and  stator  and  of  the 
relative  intake  velocities  to  the  rotor  and  stator. 

For  a compressor  element  with  the  reaction  degree*  zero,  'that  is 
w,  m ^2  QoqI  ^L,m  ~ ~ 

which  follows  from  equation  (7)  for  W,  = lVz  , eauation  (ll)  becomes 


- 


Kp,> 


JV* 

ftc,™  Ci 


^Pjf  * Kl.f 


(12) 


* Reaction  degree  R is  defined  as: 

i(v/- 


/? 


U-A  C, 


IV,  2 - iv2  2 
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For  a compressor  element  with  50$  reaction  that  is,  - Ct  an(}  Wt  - C2  and, 
hence  KP}f  = Kp.m  and  KL>f  - , equation  (11)  becomes: 


n = 

Kt  + KP 


- (13) 


III . Quality  Factors  for  Cascades 


As  was  shown  in  Chapter  (l),  the  cascade  flow  is  completely  determined 
by  the  pressure  or  loss  coefficient,  the  turning  angle,  and  the  intake  con- 
ditions . 

However,  in  general,  it  is  not  possible  to  draw  an  immediate  conclusion 
from  these  coefficients  as  to  the  quality  of  a cascade.  Only  for  the  case 
that  the  same  velocity  triangle  is  basic  for  a comparison  of  different  casaades 
is  the  value  of  the  loss  coefficient  indicative  of  the  best  cascade  for  this 
particular  velocity  triangle.  In  most  cases  the  quality  of  a cascade  has  to 
be  characterised  without  reference  to  a prescribed  velocity  triangle.  For 
this  purpose  cascade  quality  factors  were  defined.  Two  of  the  most  commonly 
used  are: 


a)  The  so-called  cascade  efficiency^  'J? 


A'p 


b)  The  cascade  quality  factor. 


(14) 


Both  coefficients  have  their  optimum  value  for  the  same  flow  conditions  since 
7c  = and,  hence  is  a maximum  if  <7  is  a maximum.  The  expression 

for  <yc  in  (14)  corresponds  to  the  efficiency  definition  of  straight  diffusors. 
With  eouation  (7)  fc  can  be  transformed  into  jv-  > l°r 

limiting  case  of  small  Mach  numbers  this  expression  represents  the  ratio  of 
actual  static  pressure  increase  through  the  cascade  to  the  theoretically 
possible  static  rressure  increase.  These  coefficients  are  very  practical 
if,  for  example, optimum  blade  configurations  for  a 50$  reaction  compressor 
element  are  to  be  determined.  This  follows  from  the  fact  that  the  expression 
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for  the  adiabatic  efficiency  of  a 50$  reaction  compressor  element,  equation 
(13),  is  identical  with  the  expression  of  the  so-called  cascade  efficiency. 
However,  these  coefficients  lose  their  meaning  when  the  cascade  approaches 
the  impulse' type,  that  is,  when  the  function  of  the  cascade  is  to  deflect 
the  flow  rather  than  to  produce  a pressure  rise. 

This  shows  that  it  is  very  difficult  to  define  a cascade  ouality  factor 
which  is  universally  meaningfull.  The  definition  of  such  a quality  factor 
should  take  into  account  both  flow  deflection  and  pressure  increase  through 
the  cascade. 


IV.  Test  Evaluation  Methods  for  Determination 


Of  the  Loss  Coefficient 


Three  methods  of  determining  the  losses  wall  be  discussed. 

1)  The  evaluation  of  the  losses,  or  the  loss  coefficient, 

based  upon  the  stagnation  pressure  measurements  before  and  behind  the  cascade. 

2)  The  evaluation  of  the  losses,  or  the  loss  coefficient,  based 
upon  the  angles  /. 3 and  /32  , see  figure  (1),  and  upon  the  static  pressure 
before  and  behind  the  cascade. 

3)  The  evaluation  of  the  losses  based  upon  the  force  components 
acting  upon  the  middle  blade. 


The  Determination  of  the  Loss  Coefficient  Based  upon  the  Stagnation  Pressure 
Behind  the  Cascade: 

The  first  expression  for  the  loss  coefficient  given  in  equation  (3) 
can  be  transformed  with  good  approximation*  as  follows  (see  figure  (2): 


ls  ?j/__  7t>  z 

* l y T 


* Valid  as  long  as  the  pressure  line  in  a T-S  diagram  corresponding  to  the 
static  and -stagnation  pressures  behind  the  cascade  are  nearly  parallel. 
This  condition  wall  be  fulfilled  for  high  subsonic  and  low  supersonic 
speeds.  For  higher  supersonic  speeds  the  exact  expression  in  equation 
(3)  must  be  applied. 
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Thus 


Ki 


/ - 


PPv 

p> J 


\ r 


t -/ 


P 


&■ 

-/ 


d 

Pfkt*  j * 

PtJ 


/ - 


or  in  good  approximation,  since 


pvAJt 


*,* 


will  be  very  close  to  unity: 


(15) 


or 


/V  -Pt,; 
Pt,, 


A Pt.t-z  /,  . 2 

Pt,/  ( 


(16) 


The  Determination  of  the  Loss  Coefficient  Based  Upon  Static  Pressure  Ratios, 
The  Turning  Angle,  and  the  Inlet  Condition:  Eouation  (5)  can  be  written  by 
using  eouation  (2)  as  follows: 


/ 


sin  03, +a/3)  p*  2 Vi-Kt  -/fr 


(17) 


or,  in  abbreviated  form,  eouation  (17)  can  be  written  as  follows:  (18) 


/ - B 


vr- 


AW£ 


P 


This  eouation  solved  for  KL  explicitly  results  in  the  following  eouation: 


K = s/VPi)*  f’j  ~(f‘ +*>**/>) 


(IS  a) 


or 
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Equation  (18)  expresses  the  loss  coefficient  explicitly  as  function  of  the 
measured  st-tic  pressure  ratio  ^3/p,  , the  intake  conditions,  /?,  and  /%  , 

and  the  turning  angled/?. 

A study  of  eouation  (18)  shows  that  the  loss  coefficient  ,KL  is  ex- 
pressed as  the  difference  of  two  large  magnitudes.  Hence  in  measuring  the 
magnitudes  a high  accuracy  is  reouired  in  order  to  determine  KL  accurately. 
If  the  loss  coefficient  can  be  determined  more  accurately  by  measuring  the 
total  pressure  drop  through  the  cascade,  then  the  relationship  expressed  by 
eouations  (17)  or  (18)  can  be  used  for  correcting  either  the  turning  angle 
or  the  pressure  coefficient. 


The  Determination  of  the  Loss  and  Pressure  Coefficients  Eased  Upon  Force 
Measurement  s : 

For  given  flow  conditions  upstream  of  the  cascade,  the  turning  angle, 
the  pressure  and  loss  coefficients  can  be  determined  if  the  force  acting 
upon  one  middle  blade  is  known  in  amount  and  direction. 

From  the  momentum  lav/  it  follows  that: 

Fa  = m fv/,v  ~ Ku) __  (19) 


and 


£ 


% sh  fa  ) _ 


(20) 


From  the  continuity  condition  it  follows  that 


f,K,„  ‘ fl  Kr,l 


— (21) 


Combining  equations  (20)  and  (21)  results  in: 


P*  _ ■#/.  J*'  ) 4.  / 

p.  sh-  p,  *>('  -jr* 


(22) 
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is  unknown.  The 


where  on  the  right  hand  side  only  the  ratio  ^'/Pz 
reciprocal  of  P'/f2  can  be  expressed  as  follows: 


fi  _ Pi  T,  __  Pi  T, 

ft  ~ P,TZ  ~ P,(T,  + S/tyl  W/Jj  (23) 


By  using  equations  (19)  and  (21)  it  is  possible  to  express  , by  /%/ 

and  T,  , as  follows: 

Kj2=  -~IY,s,»/3,  ^ cos/3, 


Thus 


!Y2  2 = lY,  1 //  sinfi,)  t cosftj-h  f ~ 2 ~ LY,  cos/3, 


Substitution  of  Vv/_  into  equation  (23)  results  in 

Pi 

/ / + J [w/s/iifaO-ffj*)  -(£')*+  if"  IY,  cos/3,] 

Solving  for  J%/>,  explicitly,  results  in: 


Pi  _ 74  //XV  + * 0+  Zs",J/3,  -(■%)+  ^fycosP,)  'r, 

fi  20+  iWsW,  - &)  + tgw,  cos/3,  ) J 


(24) 


where 


f « t-  f-^3- ) * 
/ 4>  \pgJ 


and 


to  = 5 h-w,  f,  =fof  H s:h  w< 
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or 


m - ?•(-£)*  S-h-hf, 


Substituting  the  expression  for  **/fi  of  equation  (24)  into  equation  (22) 
determines  the  pressure  ratio  p*//>,  and  hence  ?*/f/  as  functions  of  the  blade 
force  and  of  the  flow  conditions  upstream  of  the  cascade.  Furthermore, 
equation  (19)  and  (21)  determine  the  downstream  velocity  and  hence  the 
turning  angle  by  substituting  the  solution  forf'/f,  into  equation  (21). 

Thus,  the  downstream  flow  conditions  are  completely  determined  by  the  amount 
and  direction  of  the  blade  force  and  by  the  up  stream  flow  conditions. 
Therefore,  the  pressure  and  loss  coefficients  can  be  determined  by  equations 
(2)  and  (18)  respectively. 

The  above  consideration  shows  that  it  is  possible  to  relate  the  blade 
force  with  the  flow  conditions  far  behind  the  cascade  where  the  v?akes  are 
dispersed.  These  relationships  hold  provided  that  the  momentum  transport 
of  the  flow  behind  the  cascade  is  constant,  which  means  that  no  interference 
between  the  tunnel  walls  and  the  cascade  flow  exists.  However  in  measuring 
the  amount  and  direction  of  the  blade  force  a very  high  Accuracy  is  required 
since  the  loss  coefficient  is  to  be  determined  by  using  equation  (18),  If 
by  measuring  other  magnitudes  the  cascade  loss  coefficient  can  be  determined 
more  accurately,  then  the  relationships  derived  in  this  chapter  could  be 
used  for  an  indirect  determination  of  the  blade  force.  For  this  purpose  it 
would  be  practical  to  transform  equations  (19)  and  (20)  as  follows: 


Fu  = m fV,  f cos/9,  - cot  fa  +4/3}  s//>/3,  J (25) 


and 

FQx  - s-/>  />, 


*-f  — - > 

4^  ""  S-AyO^ Xflff-fiJ  '-/]  + 'j tys/o/},  ft- 


(26) 

(27) 


0 / 

The  ratio  ''/ft  in  these  equations  can  be  replaced  by  the  following  expression 
which  is  derived  from  equations  (5)  and  (8): 
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7 


sm/3,  v l p 


(28) 


The  equations  25,  27,  and  28  give  the  relationships  between  the  blade, 
force  components,  the  intake  flow  conditions,  the  turning  angle,  the  loss 
and  pressure  coefficient.  They  may  be  used  for  expressing  a cascade  drag 
and  lift  coefficient  defined  for  compressible  flow  in  terms  of  flow  deflect- 
ion, pressure  and  loss  coefficient. 
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NOMEN  CLATlLtE 


A - Cross  sectional  area  of  the  flow 

b *=  Total  temperature  - Static  temperature  - 1 

(Velocity)2  2Jgcp 

C = Absolute  velocity 

Cp  - Specific  heat  at  constant  pressure 

cy  - Specific  heat  at  constant  volume 

F = Force  acting  upon  a blade 

g = Acceleration  due  to  gravity 

h - Height  of  a blade 

J - Mechanical  eouivalent  of  heat 

Kp  - Loss  coefficient 

Kd  - Pressure  coefficient 

m - Mass  flow  per  sec.  through  a channel  formed  by  two 
adjacent  blades 

M - Local  Mach  number 

p Pressure 

q = Cascade  ouality  factor 

s = Distance  between  two  blades 

S - Entropy 

T = Absolute  temperature 

U - Circumferential  velocity  of  a blade  row 
W - Velocity  relative  to  the  cascade 
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Angle  between  flow  direction  and  cascade  axis 

Cy 

Finite  change  in  magnitude 
Efficiency 
Mass  density 

SUBSCRIPTS 

i  - Gas  conditions  for  the  case  that  no  entropy  increase 
occurs  through  the  cascade,  and  the  pressure  in- 
crease through  the  cascade  is  the  same  as  in  the 
actual  case. 

0 - Ambient  atmospheric  conditions 

1 - Intake  conditions  of  the  flow  to  the  blade  row  (for  a 

cascade,  conditions  at  station  (1),  figure  (l). 

2 * Condition  of  the  flow  behind  a cascade  (station  (2), 

figure  (1). 

3 = Conditions  of  the  flow  behind  a compressor  stage, 

ad  - Adiabatic 

ax  = Axial  component  (see  figure  (l). 

C - Cascade 

f = Stationary  cascade 

m = Moving  cascade 

t - Total  conditions  of  a gas 

U = Tangential  components 

SUPERSCRIPTS 

* = Critical  conditions 


/3  = 

n - 

A r 

7 = 
/ = 
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Figure  /.  Scheme  of  Cascade  Tonne? 


Figure  2.  Cascade  Process  in  T-S Diagram. 
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Figure  3.  Scheme  for  Presentation  of  Cascade  Proper t/es . 
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